Due to the strong cation-exchange ability of Nafion and the excellent properties of multi-walled carbon nanotubes (MWCNTs), a highly sensitive and mercury-free method of determining trace levels of In 3+ has been established based on the bifunctionality of a MWCNTs/Nafion modified glassy carbon electrode (GCE). The MWCNTs/Nafion modified GCE detects In 3+ in a 0.01 M HAc-NaAc buffer solution at pH 5.0 using anodic stripping voltammetry (ASV). The experimental results suggest that a sensitive anodic stripping peak appears at -0.58 V on anodic stripping voltammograms, which can be used as an analytical signal for the determination of In
Introduction
Nanomaterials have become the focus of scientific reports because of their unique electronic, optical, and catalytic properties. 1 Carbon nanotubes (CNTs), attractive nanomaterials with specific chemical properties, can facilitate electrons to transfer between the electroactive species and an electrode, 2 and provide a new avenue for fabricating chemical devices. [3] [4] [5] Many modified electrodes based on CNTs have been widely used to study biomolecules; 6-10 also, CNTs modified electrodes are used to detect inorganic ions, especially for metallic ions, 11 because of carbon nanotubes having a strong adsorptive ability, excellent conductivity, high aspect ratio and a large specific area. [12] [13] [14] However, since CNTs are large molecules with thousands of carbon atoms in an aromatic delocalized system, they are practically insoluble in all solvents, and as a result their application is limited. 15, 16 Chemical modification is a common method that is essential for mixing soluble membranes or other nano-particles with CNTs for analytic applications. [17] [18] [19] The methods used for surface modification are divided into two categories. The first method is based on the direct dissolution of CNTs in a suitable solvent, followed by the attachment of functional groups on CNTs. In the second method, carboxylic acid groups are attached to the surface of CNTs by an acidic treatment. This treatment leads to a partial oxidation of CNTs to produce functional oxygenated groups at the open ends and in defects along the sidewall, particularly, which dramatically modify the electronic and structural properties of CNTs. These groups are negatively charged in aqueous solution, and can interact with positively charged metal ions. In addition, the acid treatment shortens the chain lengths of CNTs, thereby enabling them to be easily immobilized on an electrode. "Wrapping" of CNTs in polymeric chains has been shown to be useful for improving their solubility without impairing their physical properties. 20 Composite materials based on wrapping CNTs with polymers including Nafion have been reported. 21, 22 Because of the unique ion exchange, discriminative and biocompatible properties, Nafion film containing various electrocatalytic materials [23] [24] [25] [26] have been extensively employed for modifying electrode surfaces, and applied for voltammetric sensing in electrochemical sensors and biosensors. 27, 28 As a perfluorosulfonated cation-exchange polymer, Nafion is a perm-selective polymer known for its ability to incorporate positively charged ions and to reject anionic species. 29, 30 CNTs can be conveniently dispersed in Nafion solution on the basis of special interactions between the sidewall of acid-treated CNTs and the hydrophobic domains of Nafion.
Because the content of indium ion (In 3+ ) in various real samples is generally very low, analytical methods with great sensitivity are required for its reliable measurement. Among various electrochemical methods, anodic stripping voltammetry (ASV) is most sensitive for the determination of metal ions. 31 In the present work, we successfully prepared a multi-walled carbon nanotubes (MWCNTs)-Nafion modified glassy carbon electrode (GCE). MWCNTs was pretreated by strong acid. Nafion acted as a dispersant to disperse MWCNTs, and can form a uniform film to immobilize MWCNTs on the GCE surface, and also as an interferent barrier. For ionomers, such as Nafion, this is mainly achieved through either ionic movement or electron self-exchange between dopant ions. The In 3+ -doped MWNTs-Nafion composite film is regarded as being a conducting polymer film. The modified electrode used in this work combined the advantages of MWCNTs and Nafion, and showed some important electrochemical advantages, such as ease of preparation and surface regeneration by simple polishing, a very low detection limit, a relatively wide liner response range, excellent peak resolution and long time stability. 
Experimental

Reagents and chemicals
The MWCNTs sample (purity > 95%) used in this work was purchased from Chengdu Organic Chemicals Co. (Chengdu, China). Nafion (5% solution in ethanol) was purchased from Sigma Chemical Co. (St. Louis, USA), and then diluted to a 0.5% Nafion solution with ethanol. In2(SO4)3 (purity > 99.99%) was purchased from the Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). A 1.00 ¥ 10 -3 M In 3+ stock solution was prepared by dissolving the required amount of In2(SO4)3 in redistilled water. Standard working solutions of In 3+ were prepared by diluting the stock solution with a supporting electrolyte. A HAc-NaAc buffer (pH 5.0) solution of 0.01 M was always employed as a supporting electrolyte. Solutions were deaerated by bubbling high-purity nitrogen prior to the experiments. Unless otherwise stated, all chemicals and reagents used were of analytical reagent grade, and all of the chemicals and reagents were used without further purification. All solutions were prepared using redistilled water.
Apparatus
Characterization of the carboxylic MWCNTs was performed with a Nexus FT-IR sepectrophotometer (Thermo Nicolet, USA). All electrochemical measurements were carried out in a conventional three-electrode cell controlled by a CHI 650A electrochemical workstation (Shanghai Chenhua Instruments, China). Modified and unmodified GCEs were used as working electrodes. A platinum electrode was used as a counter electrode and a saturated calomel electrode (SCE) served as a reference electrode. All potentials mentioned in this paper were referred to this reference electrode.
Functionalization of MWCNTs
Pristine MWCNTs was treated by mixed acid in order to purify MWCNTs and segment MWCNTs for easier and better dispersion. 32, 33 Then, 500 mg of the pristine MWCNTs was dispersed in 100 mL of concentrated HNO3/H2SO4 (1/3, v/v), and ultrasonicated for 5 h at room temperature. The resulting suspension was filtered with a polytetrafluoroethylene membrane disc filter (1 mm pore size) in a vacuum, followed by washing several times with redistilled water to neutralization. The MWCNTs on a membrane disc was dried in an oven at 80˚C for 12 h. The treatment caused segmentation and carboxylation of MWCNTs at their terminus.
Fabrication of the modified electrode
A glassy carbon electrode (GCE) with a circular surface diameter of 3 mm was used for electrode preparation, and the GCE surface was modified by a MWCNTs/Nafion suspension. The MWCNTs/Nafion suspension was achieved by adding 5.0 mg of MWCNTs in a 0.5% Nafion ethanol solution (10.00 mL), and then sonicating in an ultrasonicator (50 kHz) for 30 min. Before coating, the GCE was carefully polished with 0.05 mm alumina, washed with redistilled water and dried in air. After that, the GCE surface was coated with 10.0 mL of the abovementioned MWCNTs/Nafion suspension, and allowed to evaporate ethanol at room temperature in air. In order to make a comparison with a MWCNTs/Nafion modified GCE, the MWCNTs modified GCE and Nafion modified GCE were fabricated by the same procedure as described previously. The microscopic areas of the Nafion modified GCE and MWCNTs/ Nafion modified GCE were obtained by cyclic voltammetry using 5 mmol L -1 K3Fe(CN)6 as a probe at different scan rates.
For a reversible process, the following equation exists: Ipa = 2.69
where Ipa refers to the anodic peak current. For K3Fe(CN)6, n = 1, DR = 5.9 ¥ 10 -5 cm s -1 , the microscopic areas can be calculated from the slope of the Ipa ~v 1/2 relation, with 0.0582 cm 2 for the Nafion modified GCE and 0.0785 cm 2 for the MWCNTs/Nafion modified GCE. Evidently, the MWCNTs/Nafion modified GCE increased by nearly 35% in area.
Analytical procedure
In a 0.01 M HAc-NaAc buffer (pH 5.0) solution, the analysis of In 3+ includes two main steps: an accumulation step and a stripping step. Fist, In 3+ was preconcentrated onto MWCNTs/ Nafion film, and then reduced to In under -0.80 V for a desired time. In the following step, reduced In was oxidized at -0.58 V during a potential sweep from -0.80 to -0.20 V. The stripping peak current at -0.58 V was measured for the determination of In
3+
. Before each measurement, the modified electrode was activated by 10 successive cyclic voltammetric sweeps from -0.4 to 0.6 V at 100 mV s -1 in the supporting electrolyte, and then it needed to be immersed in an In 3+ solution for 100 s for ion exchange or adsorption. All measurements were performed at room temperature.
Results and Discussion
FT-IR spectrum of MWCNTs
The important FT-IR peaks of acid-treated MWCNTs and their designation are shown in Fig. 1 . The main bands and their assignment are as follows: 1725 cm -1 , stretching (C=O, -COOH); 1580 cm -1 , stretching (C=O, COO-), all of which indicate that the carboxylic acid groups are present on the surface of the acid-treated MWCNTs. 34, 35 The reason for improving the electrochemical responses of the MWCNTs modified GCE may be due to the nanometer dimensions, the electronic structure and the large effective area of the MWCNTs. Meanwhile, the carboxylic groups on the MWCNTs' surface attract In 3+ actively, which has more positive charge.
Electrochemical behaviors of In 3+
To study the electrochemical behaviors of In 3+ , cyclic voltammetric and anodic stripping voltammetric experiments were carried out. The cyclic voltammograms are shown in Fig. 2 . The figure shows the electrochemical behaviors of a bare GCE (curve a), a MWCNTs modified GCE (curve b) and a . As can be seen, the bare GCE essentially exhibits no voltammetric response in the potential range studied, while a couple of ill-defined and insignificant redox peaks are observed for MWCNTs immobilized GCE, and the background current increases greatly. The redox peaks on MWCNTs/GCE are stable upon repetitive cycling, and are attributed to the presence of functional groups in an acid-treated sample of MWCNTs. 36 These functional groups are preferentially generated at surface defects (e.g., open ends of carbon nanotubes) during the acid purification of MWCNTs. The presence of surface defects without any doubt is responsible for the electron transfer and chemical reactivity of carbon nanotubes. 37 The large background current obtained is attributable to the large specific area and the large conjugation system of nanotubes. 38 A MWCNTs/Nafion modified GCE showed a pair of reversible reduction and oxidation peaks with cathodic and anodic peak potentials at -0.64 and -0.58 V, respectively. The shapes of the anodic and cathodic peaks were nearly symmetric, and the reduction and oxidation peaks had the same heights. Voltammetric studies also showed that an increase of the MWNTs concentration in the composite film could effectively improve the redox currents of In 3+ and reduce the peak separation, whereas an increase of the Nafion concentration generally increased both the redox currents and the peak separation. MWNTs mainly contributed to the charge-transfer and mass-transfer processes of the composite film through increases of the electrode/electrolyte interfacial area and the film porosity, while Nafion generally dominated the mass transport from the solution into the film via ion exchange. Figure 3 illustrates the potential application of a MWCNTs/ Nafion modified electrode to a determination of the trace levels of In 3+ . An unconspicuous anodic stripping peak was observed for 1.0 ¥ 10 -8 M In 3+ on a bare GCE (curve a) and a MWCNTs modified GCE (curve b) after reduction at -0.80 V for 3 min in a 0.01 M HAc-NaAc buffer (pH 5.0) solution. Under comparable conditions, an obvious stripping peak was observed at about -0.58 V at a Nafion modified GCE (curve c) and a MWCNTs/Nafion modified GCE (curve d). Because Nafion is a cation-exchanger and attracts In 3+ from bulk solution to the electrode surface, the stripping peak current at Nafion/GCE increases significantly. The MWCNTs/Nafion modified GCE, combining the advantages of MWCNTs with Nafion, exhibits a dramatic electrochemical effect on the anodic stripping of In 3+ , which results in a marked enhancement of the current response. The comparison undoubtedly demonstrates that the MWCNTs/ Nafion film exhibits bifunctionality: the cation-exchange ability of Nafion and excellent properties of MWCNTs, such as excellent conductivity, large conjugation system, strong adsorptive ability, etc. From Fig. 3 , a conclusion can be made that the MWCNTs/Nafion modified electrode can improve the sensitivity in the determination of In 3+ .
Choice of supporting electrolyte
In this work, the anodic stripping responses of In 3+ in a variety of supporting electrolytes, such as KCl, KNO3, Na2SO4, NH4Cl, HCl, H2SO4 HAc, NaAc, and pH 3.0 -6.0 HAc-NaAc butter, pH 5.0 -7.0 phosphate butter (each 0.01 M), were detailedly compared. It was found that the stripping peak current was highest in 0.01 M HAc-NaAc butter (pH 5.0), and synchronously the stripping peak shape was best defined. Therefore, a 0.01 M HAc-NaAc butter solution (pH 5.0) was selected as the supporting electrolyte for the determination of In 3+ .
Effect of the volume of a MWCNTs/Nafion suspension on a GCE surface
The voltammetric response of In 3+ is closely related to the thickness of a MWCNTs/Nafion film, which is determined by the volume of a MWCNTs/Nafion suspension added onto a GCE surface. The relationship between the volume of the MWCNTs/Nafion suspension and the stripping peak current was examined, as shown in Fig. 4 . The stripping peak current gradually increases with improving the volume of the MWCNTs/Nafion suspension from 0.0 to 10.0 mL. However, the peak current conversely decreases when the volume exceeds 10.0 mL. The mass transport and charge-transfer rate perhaps conversely decrease when the MWCNTs/Nafion film is too thick, resulting in a decline of the peak current. Therefore, 10.0 mL was chosen as the optimized amount of the MWCNTs/ Nafion suspension. Figure 5 depicts the effect of the accumulation potential on the stripping peak currents after 3-min accumulation. When the accumulation potential shifts from -0.50 to -0.80 V, the stripping peak current increases greatly. As the accumulation potential becomes more negative, In 3+ is reduced more completely, and consequently the stripping peak current increases. When the accumulation potential is more negative than -0.80 V, the stripping peak current changes very slightly; what is more, the background current increases greatly. Thus, -0.80 V was used to achieve high sensitivity and a better response. The dependence of the stripping peak current on the accumulation time was also studied. With increasing the accumulation time, more In 3+ would be exchanged and adsorbed onto the MWCNTs/Nafion film surface, so the stripping peak current undoubtedly increases. As expected from Fig. 6 , the stripping peak current of 1.0 ¥ 10 -8 M In 3+ gradually increases along with improving the accumulation time, indicating that the sensitivity of determination of In 3+ will increase along with extending the accumulation time. In this work, 3 min was chosen to achieve high sensitivity and save analysis time.
Influences of the accumulation potential and accumulation time
Influences of potential scan rate
The ASV investigations at various potential scan rates for In 3+ were performed on the surface of the MWCNTs/Nafion modified electrode. As the scan rate increased, the peak current increased. The peak current was directly proportional to the scan rate over the range from 50 to 500 mV s -1 (Fig. 7) . The stripping peak shifts to more positive potentials when the scan rates increase. Thus it is clear that MWCNTs/Nafion film undergoes electron-transfer reactions, and MWCNTs are known to enhance many electrochemical reactions. When the potential scan rate surpasses 300 mV s -1 , the background current increases greatly. In this work, 300 mV s -1 was chosen to achieve high sensitivity and a better response.
Interferences
The possible interferences of some inorganic species were also evaluated. , with a deviation below 5%. The anion surface active agents have no influence on the detecting signals of In 3+ basically, but cation surface active agents obviously interfere with the measurement. The disparate peaks appear on the anodic stripping voltammograms of the In 3+ solution, which contains a small quantity of cation surface active agents, and the stripping peaks of indium become smaller. Maybe that is because cation surface active agents have a stronger adsorption capability than In 3+ at the MWNTs/Nafion film.
Linear range, detection limit and reproducibility
Under the selected conditions, the stripping peak currents were linear in proportion to the concentration of In 3+ in the , the relative standard deviations were 3.8 and 4.5%, respectively. The MWCNTs/Nafion modified electrode provides a new method for the determination of In 3+ . Foreign species Tolerance level/M
